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Abstract 
 
Purpose: To examine the influence of short-term miniscleral contact lens wear on corneal 
shape, thickness and anterior surface aberrations. 
Methods: Scheimpflug imaging was captured before, immediately following and 3 hours 
after a short period (3 hours) of miniscleral contact lens wear for 10 young (mean 27 ± 5 
years), healthy participants.  Natural diurnal variations were considered by measuring 
baseline diurnal changes obtained on a separate control day without contact lens wear. 
Results: Small but significant anterior corneal flattening was observed immediately following 
lens removal (overall mean 0.02 ± 0.03 mm, p < 0.001) which returned to baseline levels 
three hours after lens removal.  During the three hour recovery period significant corneal 
thinning (-13.4 ± 10.5 μm) and posterior surface flattening (0.03 ± 0.02 mm) were also 
observed (both p < 0.01).  The magnitude of posterior corneal flattening during recovery 
correlated with the amount of corneal thinning (r = 0.69, p = 0.03).  Central corneal clearance 
(maximum tear reservoir depth) was not associated with corneal swelling following lens 
removal (r = -0.24, p > 0.05).  An increase in lower-order corneal astigmatism Z(2,2) was 
also observed following lens wear (mean -0.144 ± 0.075 μm, p = 0.02). 
Conclusions: Flattening of the anterior corneal surface was observed immediately following 
lens wear, while ‘rebound’ thinning and flattening of the posterior surface was evident 
following the recovery period.  Modern miniscleral contact lenses that vault the cornea may 
slightly influence corneal shape and power but do not induce clinically significant corneal 
oedema during short-term wear. 
Keywords: Miniscleral contact lens, corneal thickness, corneal topography, corneal 
aberrations, post-lens tear layer  
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Introduction 
Miniscleral contact lenses, a sub-group of scleral contact lenses with a total lens diameter 
between 15-18 mm which rest entirely upon the sclera,[1] are sealed to the anterior eye with 
minimal movement upon blinking or ocular versions.  They are primarily used for the 
correction of irregular corneal optics commonly encountered in keratoconus, keratoglobus or 
following penetrating keratoplasty, as the post-lens tear layer (the fluid reservoir between the 
posterior lens and anterior cornea) effectively neutralises the majority of corneal 
astigmatism.[2]  More recently, scleral lenses have also been utilised as a therapeutic 
intervention in cases of ocular surface disease (e.g. exposure keratopathy,[3] Sjogren’s 
syndrome,[4] Steven-Johnson’s Syndrome[5]) by providing the cornea with continual 
hydration during lens wear without evaporation. 
Previously, scleral lens fitting was largely empirical and primarily relied upon practitioner 
interpretation of haptic (landing zone) vascular compression of the bulbar conjunctiva.  
However, advances in anterior eye imaging with corneal topography and optical coherence 
tomography have resulted in a more reliable and accurate fitting process and along with 
improved lens designs this has led to a subsequent increase in scleral contact lens 
prescribing.[1] 
Scleral lenses are typically significantly thicker (up to 1300 μm central thickness for full 
scleral lenses[6]) than corneal rigid gas permeable (RGP) lenses (~140-180 μm[7]), to avoid 
on eye and handling flexure.  Consequently, to counteract this increased thickness, modern 
scleral lenses are manufactured from highly permeable materials to maximise oxygen 
transmission to the cornea.  This is particularly important since scleral lenses do not move 
upon blinking to allow freshly oxygenated tears to replenish the post-lens tear layer.  The 
post-lens tear layer varies in depth with lens design, corneal shape and practitioner fitting 
philosophy and may act as a further barrier to atmospheric oxygen reaching the cornea.[8]  
Despite these potential hypoxic factors of increased lens thickness, minimal tear exchange 
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and the presence of a thick post-lens tear layer, there are few clinical reports of significant 
corneal oedema associated with modern scleral lens wear. 
A limited number of studies have attempted to quantify the corneal response following 
scleral lens wear.  In an early study using full scleral lenses, Bleshoy and Pullum[9] reported 
on corneal oedema in a single subject following five hours of sealed scleral contact lens 
wear using an RGP material with a Dk of 24.  Central lens thickness was varied from 180 to 
500 μm and corneal swelling increased slightly with increasing lens thickness from 3.6 to 
4.8% centrally and 4.6 to 5.3% in the periphery (although these central and peripheral zones 
were not defined).  More recently, Pullum and Stapleton[10] assessed central corneal 
swelling for 4 subjects following three hours of sealed scleral lens wear while varying lens 
thickness and oxygen permeability.  Up to 8% corneal swelling was observed for a scleral 
lens of 1200 μm thickness with a Dk of 32, which reduced as lens thickness was reduced 
and Dk increased. 
Other studies have examined fitting characteristics (e.g. apical clearance[11]) and visual or 
ocular outcomes (improved acuity,[12] lens tolerance[12] and complications[13, 14]) in 
relation to scleral contact lenses.  In this study, the physiological changes in corneal 
characteristics (biometrics and optical properties including anterior higher order aberrations) 
associated with modern miniscleral contact lens wear were assessed in addition to the 
recovery of these induced changes.  Scheimpflug imaging was used to investigate the 
influence of short-term miniscleral contact lens wear on healthy, young subjects with normal 
corneae (i.e. without keratoconus or corneal abnormalities including ocular surface disease) 
over a substantially larger corneal region than previously examined. 
Methods 
This study was approved by the Queensland University of Technology (QUT) human 
research ethics committee and followed the tenets of the Declaration of Helsinki.  All 
subjects gave written informed consent to participate.  The study participants included 10 
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young, healthy adult subjects (6 females, 4 males) recruited from the QUT School of 
Optometry and Vision Science aged between 21 and 33 years (mean ± SD age: 27 ± 5 
years) with visual acuity of 0.00 logMAR or better.  This sample size was chosen based on 
calculations conducted using previous published data on corneal swelling following short-
term scleral lens wear, which suggested that a sample size between 6-12 participants would 
yield 80% power to detect 2% corneal oedema[10] (or a 3 µm increase in central corneal 
thickness[15]) at the 0.05 significance level.  Prior to commencement of the study, all 
subjects were screened to exclude those with any contraindications to contact lens wear (i.e. 
significant tear film or anterior segment abnormalities).  Four of the subjects were part time 
soft contact lens wearers but discontinued lens wear for 24 hours prior to commencing the 
study, to minimise the effects of soft lens wear on the cornea.  None of the subjects were 
previous rigid contact lens wearers.  Participants had no prior history of eye injury, surgery or 
current use of topical ocular medications. 
Experimental overview 
The influence of short-term miniscleral contact lens wear (3 hours duration) upon measures 
of anterior and posterior corneal topography, corneal thickness and anterior corneal 
aberrations was examined using Scheimpflug imaging.  The study was conducted over three 
separate days; day one involved an ophthalmic screening and miniscleral contact lens fitting, 
day two included baseline diurnal corneal measurements obtained without contact lens wear 
and day three involved the capture of corneal measurements before and after contact lens 
wear. 
On day two, baseline measurements were obtained without contact lens wear, in the 
morning (0 hours, session 1) and then repeated 3 hours (session 2) and 6 hours later 
(session 3).  On day three, the subjects wore an optimal fitting miniscleral contact lens 
(according to the manufacturers fitting guide) in their left eye only, with measurements 
collected in the morning before the lens was inserted (0 hours, session 1), immediately after 
 6 
 
lens removal following 3 hours of wear (session 2) and finally 3 hours after lens removal (i.e. 
6 hours after initial lens insertion) (session 3). 
The timing of the measurement sessions for days two and three were matched for each 
participant to allow for the control of the confounding influence of diurnal variation[16] during 
analysis and were scheduled between 9:00-11:00 AM (session 1), 12:00-2:00 PM (session 
2) and 3:00-5:00 PM (session 3).  Between measurement sessions, participants were free to 
go about their daily activities, however, most remained in our laboratory engaged in 
computer based work or study.  Baseline measurements (day two) were conducted at least 
12 hours after the initial contact lens fitting (on day 1) to minimise the potential influence of 
any ocular surface changes associated with the fitting process.  Day three was scheduled 
within one week of day two to limit the influence of monthly cyclical changes upon corneal 
biometrics.[17] 
Following the removal of the lens on day three, each participants left eye was re-examined 
using a slit lamp biomicroscope to assess the anterior eye.  The Efron grading scale for 
contact lens complications[18] was used by the same examiner to quantify conjunctival 
(inferior, superior, nasal and temporal) and corneal (inferior, superior, nasal, temporal and 
central) fluorescein staining to the nearest 0.1 scale unit. 
Contact lens assessment 
The contact lenses used in this study were Irregular Corneal Design (ICD™ 16.5, Paragon 
Vision Sciences, USA) non-fenestrated miniscleral lenses made from hexafocon A material 
(Boston XO) with a Dk of 100 x 10-11 (cm2/sec) (ml 02/ml x mmHg), central thickness of 300 
μm and overall diameter of 16.5 mm.  The optimal fitting contact lens was determined 
according to the manufacturers fitting guide.  In brief, the initial diagnostic lens was selected 
based on the participants corneal sagittal height measured over a 10 mm chord (along the 
steepest corneal meridian) using a videokeratoscope (E300, Medmont, Australia) which was 
then extrapolated to a 15 mm chord (i.e. the distance to the landing zone of the ICD lens). 
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The lens was inserted into the patients left eye with preservative free saline and sodium 
fluorescein and assessed using a slit lamp biomicroscope.  If an air bubble was present, the 
lens was removed and reinserted.  The fluorescein pattern was assessed to ensure 
adequate central and limbal corneal clearance.  If regions of corneal bearing were observed, 
the sagittal depth of the lens was increased (in 100 μm increments) and the fit reassessed.  
After an adequate fit was obtained, the lens was then allowed to settle for one hour, and was 
re-examined using the slit lamp.  The final fluorescein pattern for all subjects showed central 
corneal clearance (sufficient to obscure visualisation of the pupil and iris features with 
sodium fluorescein), slight superior mid-peripheral to peripheral pseudo-bearing (an 
apparent area of bearing that disappeared on downward gaze) and sodium fluorescein 
“bleed” beyond the limbus onto the conjunctiva.  Conjunctival blood vessels were examined 
under white light within the scleral landing zone to ensure there was no restriction or 
blanching of the vessels due to excessive peripheral seal off.  The contact lens fit was 
assessed by the same examiner during the trial lens fitting (with sodium fluorescein) and on 
the day of lens wear (without sodium fluorescein) to ensure a well centred fit without any air 
bubbles.  After one hour of lens settling, the corneal clearance was measured using an 
anterior spectral domain optical coherence tomographer (Spectralis, Heidelberg, Germany).  
A high resolution corneal volumetric scan protocol was used (15 x 10 degrees, 8.3 x 5.5 mm) 
consisting of 21 B scans (each separated by 277 μm) centred on the corneal reflex 
visualised in the scanning laser ophthalmoscope image.  The callipers within the analysis 
software were used to mark the position of the back surface of the miniscleral contact lens 
and the anterior surface of the corneal epithelium to provide a measure of the central corneal 
clearance at the position of the corneal reflex.  The mean final central corneal clearance was 
403 ± 204 μm.  Alterations to the tangent curve of the limbal clearance zone or the edge lift 
of the scleral landing zone were not required to obtain an adequate fit, so during the 
experiment all participants wore the diagnostic trial lens which provided an optimal fit. 
Anterior segment imaging 
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The Pentacam HR system (Oculus, Wetzlar, Germany) which uses a rotating Scheimpflug 
camera (a digital camera with a slit illumination system) was used to evaluate the anterior 
and posterior corneal curvature and corneal thickness at each measurement session.  A 
total of 5 error free measurements were captured using the 25 picture 3D scan mode, which 
provides 25 cross-sectional images of the anterior eye.  This instrument has been shown to 
be highly repeatable for measures of central[19] and peripheral[19, 20] corneal thickness 
and anterior[21] and posterior[22] corneal topography including subtle corneal changes 
following contact lens wear[23], while reports concerning the repeatability of anterior higher 
order corneal aberrations vary depending on the individual aberrations examined.[24, 25] 
Data analysis 
Following data collection, the raw corneal curvature, elevation and pachymetry data from all 
five measurements on each participant (for each time point) were exported from the 
Pentacam for further analysis.  The pupil offset (the geometric offset between the pupil 
centre and the centre of the topography map centre) was also recorded for each 
measurement.  Using custom written software, the five maps obtained for each participant 
were averaged for each time point.  The baseline data obtained on day 2, without contact 
lens wear, was then used to calculate the normal diurnal change in each corneal parameter 
(thickness, anterior and posterior curvature and elevation) at each afternoon measurement 
time point (sessions 2 and 3) relative to the morning measurement (session 1).  This was 
done by subtracting the session 1 mean measurement (9:00-11:00 AM) from the session 2 
mean measurement (12:00-2:00 PM) and likewise, the session 1 mean measurement (9:00-
11:00 AM) from the session 3 mean measurement (3:00-5:00 PM) for each participant. 
The same procedure was then used to examine the influence of short-term miniscleral 
contact lens wear upon the corneal parameters.  The mean session 1 (day 3) data (prior to 
lens insertion) was subtracted from both the session 2 (day 3) mean data (immediately 
following lens removal) and also the session 3 (day 3) data (following 3 hours recovery) for 
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each participant.  To eliminate the potential confounding influence of diurnal variations, the 
normal diurnal fluctuations calculated from the day 2 baseline data were also subtracted to 
generate ‘difference’ data (the change in corneal parameters immediately following lens 
removal and 3 hours after lens removal) which represents changes due to lens wear only.  
All analysis presented refers to these data that have been corrected for normal diurnal 
variations in corneal parameters. 
The average maps from all the subjects were further analysed in order to study the regional 
distribution of corneal change. The average corneal thickness and anterior/posterior 
curvatures were calculated for each subject within both central (0-3 mm) and peripheral (3-6 
mm) annular corneal zones and inferior and superior regions within these central and 
peripheral zones.  The corneal elevation data from the Pentacam was also analysed to 
determine the anterior corneal wavefront over a 6 mm analysis diameter using a three 
dimensional ray tracing procedure described previously.[26]  The wavefront was centred on 
the line of sight by using the pupil offset values from the pupil detection function in the 
Pentacam as the reference axis for the wavefront. The image plane was at the circle of least 
confusion and the wavelength used was 555 nm.  Zernike wavefront polynomials were fitted 
to the wavefront error (up to and including the eighth radial order) and expressed using the 
double index notation (Optical Society of America [OSA] convention[27]).  This procedure 
was conducted for the five topography measurements per participant (at each time point on 
each day of testing) and the mean calculated.  While an eighth order polynomial expansion 
was used to optimise the fit to the corneal elevation data, statistical analysis was restricted to 
2nd to 4th order terms, since these aberrations have the greatest influence upon optical 
quality.[28] 
To examine the statistical significance of changes due to short term miniscleral contact lens 
wear, a repeated measures analysis of variance (ANOVA) was used with corneal zone 
(central and peripheral) and region (superior and inferior) as within-subject factors for 
analysis of changes in corneal thickness and curvature.  For the analysis of anterior surface 
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aberrations, a repeated measures ANOVA was also conducted, examining the wavefront 
over a 6 mm corneal diameter.  Degrees of freedom were adjusted using Greenhouse-
Geisser correction to prevent any type 1 errors, where violation of the sphericity assumption 
occurred.  Bonferroni adjusted post-hoc pair-wise comparisons were carried out for 
individual comparisons.  Pearson’s correlation coefficient was used to quantify the 
association between the changes in corneal thickness and anterior and posterior curvature 
changes in the central and peripheral corneal regions and the change in corneal parameters 
with the central corneal clearance (i.e. the thickness of the post-lens tear layer).  All 
statistical analyses were conducted with SPSS (version 21.0) statistical software. 
Results 
Trace levels of corneal and conjunctival fluorescein staining were observed following lens 
wear.  Immediately after lens removal the mean (± SD) grade of conjunctival staining was; 
0.3 ± 0.4 inferiorly, 0.3 ± 0.5 superiorly, 0.3 ± 0.5 nasally and 0.3 ± 0.4 temporally, while the 
mean grade of corneal staining was; 0.5 ± 0.7 inferiorly, 0.2 ± 0.4 superiorly, 0.2 ± 0.3 
nasally and 0.4 ± 0.6 temporally.  No central corneal staining (grade 0.0 ± 0.0) was observed 
in any participant following lens wear.  Low grade corneal and conjunctival staining of this 
severity (i.e. less than grade 1.0)  is considered clinically insignificant and typically does not 
require intervention.[18] 
Corneal thickness 
Figure 1A displays the group mean change in corneal thickness immediately following and 
three hours after lens removal relative to pre-lens wear pachymetry measurements after 
accounting for diurnal fluctuations.  There was no evidence of clinically significant corneal 
swelling following three hours of lens wear with a mean increase in corneal thickness over a 
6 mm diameter of 5.0 ± 17.9 μm (0.85% swelling) (p > 0.05).  The greatest magnitude of 
corneal swelling (~8 μm or 1.4%) was observed in the inferior cornea (3-6 mm annulus) 
(Table 1).  However, significant thinning relative to baseline corneal thickness was observed 
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three hours following lens removal (13.4 ± 10.5 μm, 2.3% thinning, p < 0.01). Small 
variations observed between corneal regions (inferior-superior and central-peripheral) did 
not reach statistical significance suggesting a largely symmetrical or uniform corneal 
response (Table 1). 
Anterior corneal curvature 
Miniscleral lens wear resulted in significant anterior corneal flattening, primarily in the vertical 
meridian (Figure 1B). The group mean change over a 6 mm corneal diameter was 0.02 ± 
0.03 mm immediately following lens removal (p < 0.001), which regressed to baseline 
curvature values three hours later (0.00 ± 0.02 mm mean change from baseline).  Anterior 
corneal flattening was slightly greater in the superior cornea (0.03 ± 0.03 mm) compared to 
the inferior cornea (0.02 ± 0.03 mm) possibly due to forces associated with the upper eyelid, 
however, this regional difference was not statistically significant (p > 0.05).  Similarly, the 
magnitude of the difference in change between the central and peripheral corneal regions 
did not reach statistical significance (Table 1). 
Posterior corneal curvature 
Conversely, posterior corneal curvature remained stable following lens wear, with a mean 
group change immediately after lens removal of 0.01 ± 0.03 mm (p > 0.05). Greater changes 
in posterior curvature were observed centrally (0-3 mm, 0.01 ± 0.03 mm) compared to 
peripherally (3-6 mm, 0.00 ± 0.03 mm), but did not reach statistical significance (Table 1, 
Figure 1C).  Three hours after lens removal, significant posterior corneal flattening was 
observed (0.03 ± 0.02 mm over a 6 mm diameter, p < 0.01).  This posterior flattening was 
positively correlated with the rebound corneal thinning also observed during the recovery 
period (r = 0.69, p = 0.03). 
Anterior corneal aberrations 
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Analysis of the change in each individual Zernike coefficient up to and including the fourth 
order revealed that only Z(2,2) (lower order horizontal/vertical astigmatism) underwent a 
statistically significant change immediately following miniscleral lens wear (-0.144 ± 0.075 
μm) and three hours after lens removal (0.214 ± 0.064 μm) (p = 0.02).  Third and fourth 
order higher aberration terms (or 3rd and 4th order RMS values) remained stable over time (p 
> 0.05).  Figure 2 displays the mean group change in lower and higher order anterior corneal 
aberrations immediately after lens removal and following 3 hours recovery, represented as 
Zernike refractive power maps[29] derived from the change in the anterior corneal wavefront.  
The mean change in the anterior corneal sphero-cylinder following lens removal was +0.10/-
0.20 x 108, which reduced to +0.05/-0.09 x 163 following 3 hours recovery.  The smallest 
anterior surface sphero-cylinder change observed in an individual participant was +0.05/-
0.03 x 64, while the largest was +0.36/-0.67 x 116, with four of the ten participants exhibiting 
a refractive power change greater than 0.50 DC (as determined from the change in the 
wavefront). 
Discussion 
This is the first study to examine regional changes, and their recovery, in corneal thickness 
and anterior and posterior curvature following short-term miniscleral contact lens wear.  All 
participants had normal corneae and consequently a somewhat larger than usual post-lens 
tear layer (mean central corneal clearance 403 ± 204 μm) compared to patients with corneal 
abnormalities, but a similar clearance for patients fitted with scleral lenses for ocular surface 
disease[11].  Importantly, the measurements reported in this study have taken into account 
the diurnal fluctuations in all corneal parameters measured (thickness, curvature and 
anterior higher order aberrations) for each participant. 
There was no evidence of either central (0-3 mm diameter, 0.82% thickness increase) or 
peripheral corneal oedema (3-6 mm annulus, 0.87% thickness increase) following 3 hours of 
miniscleral lens wear.  However, three hours after lens removal, corneal thickness was 
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significantly reduced in both central (2.29%) and peripheral (2.26%) regions compared to 
baseline (p < 0.01).  The small variations observed between corneal regions (inferior-
superior and central-peripheral) did not reach statistical significance suggesting a largely 
symmetrical corneal response with respect to thickness changes.  While the superior cornea 
may be more prone to oxygen deprivation during contact lens wear due to the position of the 
upper eyelid, the corneal swelling observed immediately following lens removal was greatest 
inferiorly.  The magnitude of corneal swelling observed averaged over the central 6 mm 
(mean 5 ± 17 μm) following three hours of lens wear was similar to that reported by 
Mountford et al[15] following short-term full scleral lens wear (121 Dk, 800 μm centre lens 
thickness) of approximately 1 μm swelling per hour of lens wear. 
The statistically significant corneal thinning (or ‘de-swelling’) observed three hours after lens 
removal to levels below the baseline corneal thickness (referred to as corneal ‘overshoot’) 
has been observed previously in response to a hypoxic corneal environment following both 
soft[30] and rigid[31] lens wear or overnight eyelid closure.[32]  This response is poorly 
understood but is thought to be due to corneal hydration factors including tear film 
evaporation rates and endothelial fluid influx or ion pump capacity.[33, 34]  While statistically 
or clinically significant corneal oedema was not observed following lens removal, the corneal 
thinning overshoot observed during the follow up period suggests that the cornea was 
possibly recovering from subclinical hypoxic stress. 
Michaud et al[8] recently modelled the oxygen transmissibility of scleral contact lenses taking 
into consideration lens thickness, oxygen permeability of the lens material and the post-lens 
tear layer thickness.  The authors calculated that a scleral contact lens with a Dk of 100, lens 
thickness of 300 μm and central corneal vault of 400 μm (similar to the lens and mean fitting 
characteristics in our study) would yield a predicted oxygen transmissibility of 12.5 Fatt Dk/t 
units which would not satisfy the Holden-Mertz criterion for successful daily lens wear (i.e. 
hypoxic-related corneal swelling >4% would be induced[35]).  However, clinically or 
statistically significant corneal swelling was not observed following short-term lens wear in 
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our participants with healthy corneae.  There was also no correlation between apical corneal 
clearance (i.e. the maximum depth of the tear reservoir) and the change in corneal thickness 
following lens removal for the central (r = -0.25, p > 0.05) or peripheral corneal regions (r = -
0.23, p > 0.05).  This lower than predicted level of swelling may be due to some level of tear 
exchange occurring beneath the lens. 
Prolonged hypoxic stress as a result of miniscleral contact lens wear (associated with a thick 
and stagnant post-lens tear layer) could potentially lead to a loss of corneal transparency 
and an inflammatory response including limbal neovascularisation, however, such 
complications are uncommon in modern scleral lens wear.  Tan et al[13] reported on 
adverse events associated with fenestrated PMMA scleral lens wear with corneal 
neovascularisation and oedema the most common complications, occurring in 13.3% and 
7.4% of patients respectively.  However, a more recent retrospective analysis of 97 scleral 
lens wearers (using contemporary highly permeable RGP materials with an oxygen 
transmissibility of 97 or 125 x 10-11 Fatt Units), reported a failure rate of only 1.3% as a direct 
result of corneal oedema or neovascularisation.[36]  This study of long-term scleral lens 
wearers (2-71 months duration) is in general agreement with our short-term findings that 
oxygen supply to the cornea during high Dk miniscleral lens wear is sufficient to avoid 
clinically significant corneal oedema. 
Relatively few studies have reported on the change in corneal curvature following scleral 
lens wear.  In a single subject, Bleshoy and Pullum[9] observed a small but consistent 
flattening of the principal corneal meridians following a short period of lens wear (0.14 mm 
for the flattest meridian and 0.01 mm for the steepest meridian) for the same sealed scleral 
lens design of varying central thickness.  However, following only 5 of hours lens wear, 
central keratometry mires often appeared distorted and corneal striae were observed along 
with mild superficial central staining.  Murphy et al[37] also examined the effect of brief (30 
minutes) wear of scleral search coils; a scleral lens annulus imbedded with a wire coil 
commonly used to record eye movements.[38]  Small changes in central corneal curvature 
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were observed following lens wear; typically less than 0.05 mm, but in some cases as large 
as 0.1 mm.  A slight flattening of the vertical meridian was typically observed (potentially due 
to eyelid pressure on the annulus) and a somewhat smaller steepening of the horizontal 
meridian.  These studies suggest that subtle changes in central corneal curvature may occur 
following the use of contact lenses that primarily interact with the peripheral cornea, 
conjunctiva and sclera and are consistent with our findings of a flattening of the anterior 
corneal surface (primarily in the vertical meridian, superior corneal region) following 
miniscleral lens wear.  Since there was no association between the change in corneal 
thickness and the change in anterior corneal curvature following lens wear, and given that 
changes in corneal curvature associated with hypoxia are typically restricted to the posterior 
corneal surface,[39, 40] the anterior surface changes observed in our participants were most 
likely due to forces associated with the interaction between the upper eyelid, the lens and 
the cornea.  Previous work has shown that eyelid forces upon the cornea during near work 
(without contact lens wear) typically result in topographical changes in the superior cornea 
(similar to the region of superior corneal flattening in Figure 1B) and optical changes 
primarily along the vertical meridian.[26, 41]  Significant flattening of the posterior cornea 
was observed during the recovery period and was associated with rebound corneal thinning 
which is consistent with previous findings of posterior corneal steepening as a result of 
central corneal swelling during soft and rigid lens wear,[42] although no significant corneal 
swelling was observed following miniscleral lens wear in the current study (less than 1% 
over the central 6 mm).  
Since scleral lenses significantly improve best-corrected visual acuity by effectively 
neutralising irregular astigmatism and higher order aberrations,[43] to our knowledge, no 
studies have examined the change in corneal or ocular aberrations following the removal of 
scleral lenses.  A small but statistically significant increase in a lower order corneal 
aberration Z(2,2) (horizontal/vertical astigmatism) was observed over a 6 mm diameter, 
which returned to baseline levels within three hours of lens removal.  Similarly, Tyagi et 
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al[44] observed a significant increase in total ocular lower order (2nd order) RMS values 
following PMMA lens wear, which the authors attributed to central corneal swelling, anterior 
surface steepening and posterior flattening.  The magnitude of the change in mean anterior 
corneal refractive power observed in our study would have minimal impact upon vision 
following lens wear (particularly since the spherical equivalent of the mean change was 
close to plano i.e. +0.10/-0.20 x 108).  However, following longer duration wearing times, 
such changes may be exacerbated by eyelid pressure and may temporarily degrade vision 
quality following lens removal in patients without refractive corneal anomalies who wear 
miniscleral lenses. 
This is the first study to examine the influence of short-term miniscleral lens wear upon 
corneal thickness, anterior and posterior curvature and higher order aberrations over a large 
analysis diameter while accounting for the natural diurnal variations in these parameters.  
Corneal changes were examined following a three hour period of lens wear since the cornea 
appears to reach a steady state of swelling after three hours of RGP or hydrogel lens 
wear.[45, 46]  However, examination of the cornea following a longer wearing time would 
provide more clinically relevant information since the oxygen dissolved in the post-lens tear 
layer would most likely dissipate after a longer period.  Greater changes in corneal 
parameters may be observed following longer periods of lens wear, or in patients with 
compromised corneae who often require scleral contact lenses (e.g. severe ocular surface 
disease or post penetrating keratoplasty).  Longer term studies, over months or years, 
examining both healthy eyes and eyes with corneal pathology are required to understand the 
influence of extended periods of miniscleral lens wear on corneal physiology and optics. 
Conclusion 
A small amount of flattening of the anterior corneal surface was observed immediately 
following short-term miniscleral contact lens wear, while ‘rebound’ thinning and flattening of 
the posterior surface was evident after the three hour recovery period following lens removal.  
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Corneal changes observed over the central 6 mm following lens removal and recovery were 
largely symmetrical between inferior and superior and central and peripheral zones.  Modern 
high Dk miniscleral contact lenses, in conjunction with a moderate post-lens tear layer, do 
not induce clinically significant corneal oedema following three hours of lens wear as 
predicted by recent theoretical modelling. 
 
Acknowledgements 
This study was partially funded by a QUT Institute of Health and Biomedical Innovation 
Vision Domain Development Grant.  
 18 
 
References 
[1] van der Worp E, Bornman D, Ferreira DL, Faria-Ribeiro M, Garcia-Porta N, Gonzalez-
Meijome JM. Modern scleral contact lenses: A review. Cont Lens Anterior Eye. 2014. 
[2] Ezekiel D. Gas-permeable haptic lenses. J Br Contact Lens Assoc. 1983;6:158–61. 
[3] Grey F, Carley F, Biswas S, Tromans C. Scleral contact lens management of bilateral 
exposure and neurotrophic keratopathy. Cont Lens Anterior Eye. 2012;35:288-91. 
[4] Schornack MM, Pyle J, Patel SV. Scleral Lenses in the Management of Ocular Surface 
Disease. Ophthalmology. 2014. 
[5] Fine P, Savrinski B, Millodot M. Contact lens management of a case of Stevens-Johnson 
syndrome: a case report. Optometry. 2003;74:659-64. 
[6] Visser ES, Visser R, van Lier HJ, Otten HM. Modern scleral lenses part I: clinical 
features. Eye Contact Lens. 2007;33:13-20. 
[7] Young G. Rigid lens design and fitting. In: Efron N, editor. Contact lens practice. Oxford: 
Butterworth Heinemann; 2002. p. 189. 
[8] Michaud L, van der Worp E, Brazeau D, Warde R, Giasson CJ. Predicting estimates of 
oxygen transmissibility for scleral lenses. Cont Lens Anterior Eye. 2012;35:266-71. 
[9] Bleshoy H, Pullum K. Corneal response to gas-permeable impression scleral lenses. J Br 
Contact Lens Assoc. 1988;11:31-4. 
[10] Pullum KW, Stapleton FJ. Scleral lens induced corneal swelling: what is the effect of 
varying Dk and lens thickness? CLAO J. 1997;23:259-63. 
[11] Sonsino J, Mathe DS. Central vault in dry eye patients successfully wearing scleral lens. 
Optometry and vision science : official publication of the American Academy of Optometry. 
2013;90:e248-51; discussion 1030. 
 19 
 
[12] Schornack MM, Patel SV. Scleral lenses in the management of keratoconus. Eye 
Contact Lens. 2010;36:39-44. 
[13] Tan DT, Pullum KW, Buckley RJ. Medical applications of scleral contact lenses: 1. A 
retrospective analysis of 343 cases. Cornea. 1995;14:121-9. 
[14] Rosenthal P, Croteau A. Fluid-ventilated, gas-permeable scleral contact lens is an 
effective option for managing severe ocular surface disease and many corneal disorders that 
would otherwise require penetrating keratoplasty. Eye Contact Lens. 2005;31:130-4. 
[15] Mountford J, Carkeet N, Carney L. Corneal thickness changes during scleral lens wear: 
effect of gas permeability. Int Contact Lens Clin. 1994;21:19-22. 
[16] Read SA, Collins MJ. Diurnal variation of corneal shape and thickness. Optometry and 
vision science : official publication of the American Academy of Optometry. 2009;86:170-80. 
[17] Kiely PM, Carney LG, Smith G. Menstrual cycle variations of corneal topography and 
thickness. Am J Optom Physiol Opt. 1983;60:822-9. 
[18] Efron N. Grading scales for contact lens complications. Ophthalmic Physiol Opt. 
1998;18:182-6. 
[19] Khoramnia R, Rabsilber TM, Auffarth GU. Central and peripheral pachymetry 
measurements according to age using the Pentacam rotating Scheimpflug camera. J 
Cataract Refract Surg. 2007;33:830-6. 
[20] Shankar H, Pesudovs K. Reliability of peripheral corneal pachymetry with the Oculus 
Pentacam. J Cataract Refract Surg. 2008;34:7; author reply 8. 
[21] Shankar H, Taranath D, Santhirathelagan CT, Pesudovs K. Anterior segment biometry 
with the Pentacam: comprehensive assessment of repeatability of automated 
measurements. J Cataract Refract Surg. 2008;34:103-13. 
 20 
 
[22] Chen D, Lam AK. Intrasession and intersession repeatability of the Pentacam system on 
posterior corneal assessment in the normal human eye. J Cataract Refract Surg. 
2007;33:448-54. 
[23] Tyagi G, Collins M, Read S, Davis B. Regional changes in corneal thickness and shape 
with soft contact lenses. Optometry and vision science : official publication of the American 
Academy of Optometry.87:567-75. 
[24] Read SA, Collins MJ, Iskander DR, Davis BA. Corneal topography with Scheimpflug 
imaging and videokeratography: comparative study of normal eyes. J Cataract Refract Surg. 
2009;35:1072-81. 
[25] Shankar H, Taranath D, Santhirathelagan CT, Pesudovs K. Repeatability of corneal 
first-surface wavefront aberrations measured with Pentacam corneal topography. J Cataract 
Refract Surg. 2008;34:727-34. 
[26] Buehren T, Collins MJ, Carney L. Corneal aberrations and reading. Optometry and 
vision science : official publication of the American Academy of Optometry. 2003;80:159-66. 
[27] Thibos LN, Applegate RA, Schwiegerling JT, Webb R. Report from the VSIA taskforce 
on standards for reporting optical aberrations of the eye. J Refract Surg. 2000;16:S654-5. 
[28] Wang L, Dai E, Koch DD, Nathoo A. Optical aberrations of the human anterior cornea. J 
Cataract Refract Surg. 2003;29:1514-21. 
[29] Iskander DR, Davis BA, Collins MJ, Franklin R. Objective refraction from monochromatic 
wavefront aberrations via Zernike power polynomials. Ophthalmic Physiol Opt. 2007;27:245-
55. 
[30] O'Neal MR, Polse KA, Sarver MD. Corneal response to rigid and hydrogel lenses during 
eye closure. Invest Ophthalmol Vis Sci. 1984;25:837-42. 
 21 
 
[31] Haque S, Fonn D, Simpson T, Jones L. Corneal and epithelial thickness changes after 4 
weeks of overnight corneal refractive therapy lens wear, measured with optical coherence 
tomography. Eye Contact Lens. 2004;30:189-93; discussion 205-6. 
[32] du Toit R, Vega JA, Fonn D, Simpson T. Diurnal variation of corneal sensitivity and 
thickness. Cornea. 2003;22:205-9. 
[33] O'Neal MR, Polse KA. In vivo assessment of mechanisms controlling corneal hydration. 
Invest Ophthalmol Vis Sci. 1985;26:849-56. 
[34] Odenthal MT, Nieuwendaal CP, Venema HW, Oosting J, Kok JH, Kijlstra A. In vivo 
human corneal hydration control dynamics: a new model. Invest Ophthalmol Vis Sci. 
1999;40:312-9. 
[35] Holden BA, Mertz GW, McNally JJ. Corneal swelling response to contact lenses worn 
under extended wear conditions. Invest Ophthalmol Vis Sci. 1983;24:218-26. 
[36] Ortenberg I, Behrman S, Geraisy W, Barequet IS. Wearing time as a measure of 
success of scleral lenses for patients with irregular astigmatism. Eye Contact Lens. 
2013;39:381-4. 
[37] Murphy PJ, Duncan AL, Glennie AJ, Knox PC. The effect of scleral search coil lens 
wear on the eye. Br J Ophthalmol. 2001;85:332-5. 
[38] Houben MM, Goumans J, van der Steen J. Recording three-dimensional eye 
movements: scleral search coils versus video oculography. Invest Ophthalmol Vis Sci. 
2006;47:179-87. 
[39] Erickson P, Comstock TL, Doughty MJ, Cullen AP. The cornea swells in the posterior 
direction under hydrogel contact lenses. Ophthalmic Physiol Opt. 1999;19:475-80. 
[40] Lee D, Wilson G. Non-uniform swelling properties of the corneal stroma. Curr Eye Res. 
1981;1:457-61. 
 22 
 
[41] Vincent SJ, Collins MJ, Read SA, Carney LG, Yap MK. Corneal changes following near 
work in myopic anisometropia. Ophthalmic Physiol Opt. 2013;33:15-25. 
[42] Tyagi G, Collins M, Read S, Davis B. Regional changes in corneal thickness and shape 
with soft contact lenses. Optom Vis Sci. 2010;87:567-75. 
[43] Romero-Jimenez M, Flores-Rodriguez P. Utility of a semi-scleral contact lens design in 
the management of the irregular cornea. Cont Lens Anterior Eye. 2013;36:146-50. 
[44] Tyagi G, Collins MJ, Read SA, Davis BA. Corneal changes following short-term rigid 
contact lens wear. Cont Lens Anterior Eye. 2012;35:129-36. 
[45] Sarver MD, Polse KA, Baggett DA. Intersubject difference in corneal edema response to 
hypoxia. Am J Optom Physiol Opt. 1983;60:128-31. 
[46] Holden BA, Sweeney DF, Sanderson G. The minimum precorneal oxygen tension to 
avoid corneal edema. Invest Ophthalmol Vis Sci. 1984;25:476-80. 
 
 23 
 
Table 1.  Group mean change in corneal parameters immediately following lens removal and after the three hour recovery period 
Analysis  Time after  removal (hours) Region 
Corneal thickness 
(µm) 
Anterior axial 
curvature (mm) 
Posterior axial 
curvature (mm) 
Total 
0-6 mm diameter 
0 
Total 5.0 ± 17.9 0.02 ± 0.03*** 0.01 ± 0.03 
Superior 3.2 ± 18.0 0.03 ± 0.03* 0.01 ± 0.03 
Inferior 6.8 ± 18.0 0.02 ± 0.03 0.00 ± 0.04 
3 
Total -13.4 ± 10.5** 0.00 ± 0.02 0.03 ± 0.02** 
Superior -15.0 ± 11.0** 0.00 ± 0.02 0.02 ± 0.03 
Inferior -11.9 ± 10.2** 0.00 ± 0.02 0.03 ± 0.04* 
Central  
0-3 mm diameter 
0 
Total 4.6 ± 17.6 0.02 ± 0.04* 0.01 ± 0.03 
Superior 3.5 ± 17.6 0.04 ± 0.04* 0.02 ± 0.06 
Inferior 5.8 ± 17.8 0.01 ± 0.04 0.01 ± 0.04 
3 
Total -12.9 ± 10.3** 0.00 ± 0.02 0.03 ± 0.02** 
Superior -13.9 ± 10.8** 0.01 ± 0.03 0.03 ± 0.04 
Inferior -11.8 ± 9.8** 0.00 ± 0.02 0.03 ± 0.05 
Peripheral  
3-6 mm annulus 
0 
Total 5.4 ± 19.2 0.03 ± 0.02*** 0.00 ± 0.03 
Superior 2.9 ± 18.5 0.03 ± 0.02*** 0.00 ± 0.04 
Inferior 7.9 ± 18.4 0.03 ± 0.02*** 0.00 ± 0.03 
3 
Total -14.0 ± 10.8** 0.00 ± 0.02 0.02 ± 0.02** 
Superior -16.1 ± 11.3** 0.00 ± 0.02 0.02 ± 0.03* 
Inferior -11.9 ± 10.7** 0.00 ± 0.02 0.03 ± 0.03 
 
Values where a pairwise comparison revealed a statistically significant change from baseline measurements (*p < 0.05, ** p < 0.01, *** p < 
0.001).  A positive value represents corneal thickening or flattening, and a negative value represents corneal thinning or steepening. 
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Figure 1. The group mean change in (A) corneal thickness (mm), (B) anterior corneal 
curvature (mm) and (C) posterior corneal curvature (mm) immediately following and 3 hours 
after miniscleral lens removal relative to baseline (pre-lens wear).  Note: diurnal fluctuations 
in corneal thickness and curvature have been accounted for in the analysis. 
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Figure 2. The group mean change in the anterior corneal wavefront immediately following 
and 3 hours after miniscleral lens removal relative to baseline (pre-lens wear); (A) lower 
order (B) higher order and (C) lower and higher terms represented as Zernike refractive 
power maps. Note: diurnal fluctuations in the anterior corneal wavefront have been 
accounted for in the analysis. 
